Adult T-cell leukemia/lymphoma (ATLL) is a peripheral T-cell lymphoma caused by latent infection of human T-cell lymphotropic virus type 1. The outcome for ATLL is very poor, with a 3-year overall survival of approximately 24% with conventional chemotherapy; thus, there is an unmet need for developing new treatment options. Defucosylated humanized anti-CC chemokine receptor 4 (CCR4) antibody (KW-0761, mogamulizumab) has been clinically available for the treatment of relapsed or refractory ATLL in Japan since 2012, and a Phase II study of mogamulizumab for patients with relapsed CCR4+ ATLL demonstrated a 50% objective response, a 30.8% complete response, and an acceptable safety profile. Allogeneic hematopoietic stem cell transplantation has been used to treat patients with ATLL, and mogamulizumab in combination with allogeneic hematopoietic stem cell transplantation has been used successfully in a limited number of patients to treat refractory or relapsed ATLL. The efficacy of combining mogamulizumab with standard chemotherapy (mLSG15) for patients with ATLL has also been examined, and the results have shown higher rates of complete response with the combined therapy (52%) compared with for chemotherapy alone (33%). Mogamulizumab also has potential application in the treatment of human T-cell lymphotropic virus type 1-associated myelopathy/tropical paraparesis, Epstein-Barr virus-associated T-cell and natural killer-cell lymphoproliferative diseases, and peripheral and cutaneous T-cell lymphomas. Possible adverse events of mogamulizumab have been reported, such as cutaneous adverse reactions (including Stevens-Johnson syndrome), diffuse panbronchiolitis, reactivation of hepatitis B, and opportunistic infections. The treatment outcome of patients with ATLL might be improved by further optimizing the use of mogamulizumab and managing severe adverse events. In this review, we provide an overview of the current treatment options for patients with ATLL and a focused review on the use, application, and adverse events associated with mogamulizumab.
Introduction
Adult T-cell leukemia/lymphoma (ATLL), a highly aggressive peripheral T-cell lymphoma (PTCL) caused by human T-cell lymphotropic virus type-1, has a very poor prognosis. [1] [2] [3] [4] In a retrospective analysis of 807 patients newly diagnosed with acuteand lymphoma-type ATLL between January 2000 and May 2009, the median overall survival (OS) time was 7.7 months. 5 Despite the fact that allogeneic hematopoietic stem cell transplantation (allo-HSCT) has recently been used to treat this disease and has demonstrated promising long-term survival, Medically well-fit patients and those with good disease control are able to benefit from this treatment modality. 6 Population-based analyses predict that patients with ATLL in their 60s and 70s will make up two-thirds of all patients with ATLL over the next 15 years in Japan. Partly because of this aging patient population, it is obvious that new and less toxic treatments need to be developed. 7 In this review, we provide an overview of the current treatment options for patients with ATLL, as well as a focused review on the use and application of and adverse events (AEs) associated with mogamulizumab.
Current treatment options and prognosis
Current treatment guidelines according to ATLL subtypes were discussed in an international consensus meeting, proposed previously, and are summarized in Table 1 . 8 
Conventional cytotoxic chemotherapy
Patients with ATLL are often administered conventional chemotherapy as frontline therapy. The results of a Phase III randomized control trial suggest that a regimen of vincristine, cyclophosphamide, doxorubicin, and prednisone (VCAP); doxorubicin, ranimustine, and prednisone (AMP); and vindesine, etoposide, carboplatin, and prednisone (VECP) is superior to biweekly cyclophosphamide, doxorubicin, vincristine, and prednisone (CHOP) in newly diagnosed aggressive (acute, lymphoma, or unfavorable chronic) types of ATLL, considering the complete response rate (40% versus 25%; P=0.020). 9 OS at 3 years was 24% in the VCAP-AMP-VECP group and 13% in the CHOP group (P=0.085). Thus, the results of this randomized study indicate that the VCAP-AMP-VECP regimen should be recommended for further investigation. Nonetheless, the median survival time of 13 months remains unfavorable compared with the survival times of other hematologic malignancies.
Allo-HSCT
Allo-HSCT has been explored as a promising alternative therapeutic modality that can provide long-term response in a proportion of patients with ATLL. [10] [11] [12] In a recent large nationwide retrospective analysis, investigators compared the outcomes of 386 patients with ATLL who underwent allo-HSCT and found that after a median follow-up of 41 months, the 3-year OS for the entire cohort was 33%. 12 Another retrospective analysis of 294 patients with ATLL who received allo-HSCT revealed that the development of grade I-II acute graft-versus-host disease (GVHD) confers a lower risk of disease progression and a better OS, which is indicative of the presence of a graft-versus-leukemia effect. 13 Another large retrospective analysis of allo-HSCT for ATLL (n=586) in Japan observed no significant difference in OS by intensity of conditioning regimen; however, there was a trend suggesting that reduced-intensity conditioning regimens contributed to better OS in older patients. 14 The number of patients with ATLL eligible for allo-HSCT is quite limited because of the older age at diagnosis and the lower rate of induction of a complete response (CR). Selection criteria for allo-HSCT for patients with ATLL remain undetermined.
interferon-α and zidovudine
In recent years, the combined use of interferon α (IFN-α) and zidovudine (AZT) to treat ATLL has been proposed. The results of a recent meta-analysis on the use of AZT/ IFN for 254 patients with ATLL showed that this treatment resulted in a better response and a prolonged OS. 15 In this study, 207 patients received first-line chemotherapy, antiviral therapy, or chemotherapy followed by antiviral therapy. For the 75 patients in this study who received first-line antiviral therapy, the 5-year OS rate was 46% (P=0.004). Furthermore, in acute ATLL, achievement of CR with antiviral therapy resulted in an 82% 5-year survival. These results suggest that treatment of ATLL using AZT/IFN results in high response and CR rates, resulting in prolonged survival in a significant proportion of patients; the exception is for cases of lymphoma-type ATLL. Although this was a retrospective analysis, the results seem to be promising, and further studies comparing AZT/IFN-α and conventional chemotherapy or allo-HSCT are warranted.
Monoclonal antibodies
The use of monoclonal antibodies for the treatment of hematological malignancies has evolved into a promising approach since the FDA approved the anti-CD20 antibody, rituximab, for malignant lymphoma in 1997. Rituximab markedly improved 
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Mogamulizumab for ATLL the prognosis of patients with CD20+ B-cell lymphoma and changed the standard therapy for this malignancy. 16 This success of monoclonal antibody therapy in the field of lymphoma is prompting researchers to search for new effective monoclonal antibody therapies for T-cell lymphoma. Cell surface antigens, tumor-specific antigens, and antigens with less off-target effects are assumed to be ideal target antigens for antibody therapy.
The CC chemokine receptor 4 and defucosylated antibody
One target of molecular therapy is chemokine receptors.
Chemokines are a family of small, structurally related cytokines. The chemokines play a crucial role in cell migration and homing of various lymphocyte subpopulations. All known chemokine receptors are seven-transmembrane G protein-coupled receptors. CC chemokine receptor 4 (CCR4) is the receptor for CCL17 and CCL22. CCR4 is known to be expressed on Th 2 cells, cutaneous lymphocyte antigenpositive skin-homing cells, T reg cells, Th 17 cells, Th 22 cells, Tc 2 cells, interleukin 2-activated natural killer (NK) cells, a small subset of primary NK cells, CD4+ NK cells, airway eosinophils, and platelets. 17 As various T-cell subsets differentially express chemokine receptors, Yoshie et al used the chemokine receptor expression pattern to determine the cellular origin and T-cell neoplasm-specific antigens. 18 They found a very high expression of CCR4 on ATLL cells and human T-cell lymphotropic virus type-1-immortalized T cells. 18 Ishida et al also performed an extensive study of CCR4 on formalin-fixed and paraffin-embedded samples from 103 patients with ATLL and reported that tumor cells from 88.3% of these patients expressed CCR4. 19 On the basis of these findings, CCR4 was selected as a novel molecular target for monoclonal antibody therapy in ATLL.
Monocytes and NK cells are the main effector cells of antibody-dependent cellular cytotoxicity (ADCC), which requires the presence of activating Fc receptors on the effector cells. ADCC is believed to be an important therapeutic mechanism of clinically effective antibodies. 20 The presence and profiles of oligosaccharides in the Fc region are known to play an important role in ADCC. Shields et al reported that the binding of fucose-deficient immunoglobulin G1 to human FcgammaRIIIA improved up to 50-fold. 21 Assays measuring ADCC activity using purified peripheral blood monocytes or NK cells from several donors showed enhanced cytotoxic function, even with a very low antibody concentration. 21 Similarly, Niwa et al reported that defucosylated anti-CCR4 immunoglobulin G1 antibody reduced the antigen amount on target cells required for the same level of ADCC induction by 10-fold. 22
KM2760 and mogamulizumab (KW-0761): preclinical testing
With this ADCC-enhancing defucosylation technology, the therapeutic anti-CCR4 monoclonal antibody (KM2760) was developed for the treatment of ATLL. 23 KM2760 was shown to exhibit much higher ADCC activity, using human peripheral blood mononuclear cells (PBMCs) as effector cells against ATLL cells, compared with the highly fucosylated anti-CCR4 antibody. In addition, KM2760 exhibited potent ADCC in the presence of lower concentrations of human PBMCs. Ishida et al further demonstrated that KM2760 induced ADCC against primary ATLL cells in an autologous setting, suggesting that the ATLL patients' PBMCs retain substantial ADCC-effector function. 24 These promising preclinical data led to the development of this antibody for clinical application.
Defucosylated humanized anti-CCR4 antibody (mogamulizumab, KW-0761) was then developed by replacing mouse immunoglobulin constant regions and variable domains with the human equivalents; 25 replacing the constant regions affects the largest reduction in immunogenicity, and humanization of variable domains affects a further decrease. 25 KW-0761 showed potent antitumor activity mediated by highly enhanced ADCC against primary ATLL cells in an autologous setting. The degree of KW-0761 ADCC was mainly determined by the amount of effector NK cells present, but not the amount of the target molecule CCR4 on the ATLL cell surface. The anti-ATLL effect of this antibody was further evaluated in mice models of ATLL. [24] [25] [26] [27] Among ATLL mouse models, Ito et al established a primary mouse model using ATLL-cell-bearing NOD/Shi-scid, interleukin 2R gamma null mice in which autologous human immune cells were engrafted. 27 In this excellent model, the anti-ATLL effect of the therapeutic antibody against primary ATLL cells was proved to be mediated by autologous human immune cells.
Clinical trials and case reports of patients with adult T-cell leukemia/lymphoma treated with mogamulizumab Phase i study
On the basis of the above promising preclinical studies, a clinical Phase I study of mogamulizumab was conducted. The Phase I study assessed the safety, pharmacokinetics, recommended Phase II dose, and efficacy of mogamulizumab in patients with relapsed CCR4+ ATLL or PTCL. 28 Sixteen patients received mogamulizumab once a week for 4 weeks intravenously. Doses were escalated, going from 0.01, to 0.1, to 0.5, and to a final concentration of 1.0 mg/kg. Fifteen patients completed the protocol treatment. The maximum tolerated dose was not reached. Therefore, the recommended Phase II dose was determined to be 1.0 mg/kg. No patients had detectable levels of antimogamulizumab antibody. Five patients achieved objective responses: two CRs and three partial responses.
Phase ii study
A multicenter Phase II study of mogamulizumab for patients with relapsed, aggressive CCR4+ ATLL was conducted to evaluate the efficacy, pharmacokinetic profile, and safety of this agent. 29 The primary end-point was the overall response rate, and the secondary end-points included progression-free survival and OS from the first treatment. Patients received mogamulizumab once per week for 8 weeks at a dose of 1.0 mg/kg. Objective responses were observed in 13 of 26 patients, including eight CRs, with an overall response rate of 50% (95% confidence interval, 30%-70%). The median progression-free survival and OS were 5.2 and 13.7 months, respectively. The mean half-life period after the eighth infusion was 422±147 hours (±standard deviation).
Allogeneic hematopoietic stem cell transplantation with mogamulizumab
To date, there have been only three case reports of patients with ATLL who received allo-HSCT and mogamulizumab. [30] [31] [32] Mogamulizumab was administered before allo-HSCT in two of the cases. 30, 31 Both cases were refractory to conventional chemotherapy, and initiation of mogamulizumab induced CR at the time of allo-HSCT. As the achievement of CR at allo-HSCT is one of the most important prognostic factors, 14 administration of mogamulizumab to patients with chemotherapy-resistant ATLL might improve their disease status before allo-HSCT and result in improved survival. There is just a single reported case of successful treatment with mogamulizumab for relapsed ATLL after umbilical cord blood transplantation. 32 Mogamulizumab decreases CCR4-expressing regulatory T cells (Tregs), and it is postulated that a decreased level of Tregs before and after allo-HSCT might increase the incidence of GVHD. In one report by Ohgiya et al, elevation of the total bilirubin level and the development of massive ascites on day 40 were observed, and the patient died of organ failure on day 110. 30 Even though the authors of that case considered the cause of death regimen-related toxicity, and despite the fact that all three reported cases of allo-HSCT with mogamulizumab did not show grade III-IV GVHD, the safety profile of mogamulizumab before and after allo-HSCT, including the severity of GVHD, should be examined in a larger series of patients. The role of mogamulizumab in patients who could be eligible for allogeneic transplant also requires further evaluation.
Combination therapy of mogamulizumab with chemotherapy
A multicenter, randomized, Phase II trial was conducted to examine the efficacy of the combination of mogamulizumab with standard chemotherapy (mLSG15) for ATLL. Patients with previously untreated aggressive ATLL received four courses of an mLSG15 regimen, with or without mogamulizumab (1.0 mg/kg), once every 2 weeks, to achieve a total of eight doses. The rate of CR in mLSG15 with and without mogamulizumab was 52% and 33%, respectively. 33 In the near future, this combination therapy of mogamulizumab with mLSG15 may be a potent standard treatment option for patients with newly diagnosed aggressive ATLL.
These results of clinical trials are summarized in Table 2 . 
Peripheral T-cell lymphoma and cutaneous T-cell lymphoma
The Phase I study of mogamulizumab for patients with ATLL also included three relapsed patients with PTCL. 28 In addition, a multicenter Phase II study of mogamulizumab for patients with relapsed PTCL and cutaneous T-cell lymphoma was conducted in Japan. 35 Mogamulizumab (1.0 mg/kg) was administered intravenously once a week for 8 weeks.
An objective response was observed in 13 of 37 patients (35%; 95% confidence interval, 20%-53%), including 14% with CR. The most common AEs were hematologic events, pyrexia, and cutaneous AEs, all of which were manageable.
AEs associated with mogamulizumab Phase i and Phase ii study Aes
In the Phase I study of mogamulizumab for patients with relapsed ATLL and PTCL, only one of 15 patients developed grade 3 dose-limiting toxicities of skin rash and febrile neutropenia and grade 4 neutropenia. 28 Other treatmentrelated grade 3-4 toxicities included lymphopenia (n=10), neutropenia (n=3), leukopenia (n=2), herpes zoster infection (n=1), and acute infusion reaction/cytokine release syndrome (n=1). In the Phase II study, the most common nonhematologic AE was an infusion reaction (89%). 28 The infusion reaction occurred primarily at the first infusion, becoming less frequent with subsequent treatments. Skin rashes were observed as another frequent nonhematologic AE (63%), mostly occurring after the fourth or subsequent infusions. Of the 14 patients who developed grade 2 or higher skin rashes, objective responses were noted in 13 patients (93%), including eight CRs. In contrast, of the twelve patients who developed no or grade 1 skin rashes, no objective responses were observed. Lymphopenia occurred in 26 (96%) of the 27 patients. Grades 3-4 thrombocytopenia was observed in five patients (19%) but was not associated with bleeding, and grade 3 neutropenia also occurred in five patients but did not lead to a febrile episode.
Cutaneous adverse reactions
The interim report for the postmarketing surveillance from May 29 to September 28, 2012, revealed nine skinrelated severe AEs, including four cases of Steven-Johnson syndrome/toxic epidermal necrolysis. 36 Among four cases with Steven-Johnson syndrome, there was a durable significant reduction of the CD4+CD25highFOXP3+ Treg cell subset in the patient's PBMC, and the affected inflamed skin almost completely lacked FOXP3+ cells. This implies an association between reduction of the Treg subset by mogamulizumab and occurrence of Steven-Johnson syndrome. Yonekura et al also reported two cases of ATLL with cutaneous adverse reactions. In the skin lesions of the two patients, CD4+CD8-CD25+ ATLL cells were replaced by CD3+8+ cytotoxic T cells. Cutaneous adverse reactions developed in two patients with CR, who did not show a relapse of ATLL over the course of 9 months; thus, cutaneous adverse reactions are suggested to be markers for a favorable prognosis. 37 
Reactivation of hepatitis B
Nakano et al reported hepatitis B virus (HBV) reactivation in a patient with ATLL with a previously resolved HBV infection after mogamulizumab treatment. 38 Even though the direct association of mogamulizumab treatment and HBV reactivation is not adequately clear, further attention needs to be focused on this potentially fatal AE.
Opportunistic infection
Ohyama et al reported two cases of cytomegalovirus infection (fatal encephalitis and colitis) in four elderly patients after mogamulizumab treatment. 39 In Phase I and Phase II trials, lymphopenia was a major AE. 27, 28 Therefore, prophylactic treatment for opportunistic infection, including cytomegalovirus infection, needs to be carefully assessed in further studies. 
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Diffuse panbronchiolitis
There has been a single reported case of a patient with relapsed ATLL complicated with diffuse panbronchiolitis 6 months after mogamulizumab treatment. 40 In this case, the number of CD4+CD25+FOXP3+ cells was low, and CD8+ cells had increased just before the onset of diffuse panbronchiolitis. CD8+ cells and neutrophils, together with inflammatory cytokines, are believed to play key roles in the development of diffuse panbronchiolitis. Pulmonary involvement might develop because of mogamulizumab as a result of an immune response of CD8+ cells that are not suppressed by Tregs. Because late-onset AEs related to mogamulizumab treatment remain unclear as a result of the short observation period and the small number of treated patients, physicians should be aware of possible rare complications.
Conclusion
Treatment options for patients with ATLL are expanding beyond conventional cytotoxic chemotherapy to include allo-HSCT, antiviral therapy, and targeted antibody therapy.
In particular, mogamulizumab is emerging as a promising new therapy, either alone or in combination with other therapies. Treatment with mogamulizumab and standard chemotherapy to induce higher rates of CR may benefit the long-term survival of patients with ATLL who are eligible for allo-HSCT. In addition, mogamulizumab may be used to rescue patients who have relapsed after transplantation. 32 As mogamulizumab depletes Treg cells, the positive and negative immunological effects of the use of mogamulizumab need to be carefully examined, especially for patients who undergo allo-HSCT. Mogamulizumab has a less toxic profile than conventional cytotoxic chemotherapies and induces a high response rate in patients with ATLL, even in elderly patients. Therefore, it may provide an effective treatment option for the disease, especially for elderly patients who are not eligible for intensive chemotherapy or hematopoietic stem-cell transplantation. Determining the optimal combination of mogamulizumab with conventional and novel therapies is expected to improve the prognosis of patients with ATLL.
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